We have developed a simple and totally in vitro selection procedure based on cell-free cotranslation using a highly stable and efficient in vitro virus (IVV). Cell-free cotranslation of tagged bait and prey proteins is advantageous for the formation of protein complexes and allows high-throughput analysis of protein-protein interactions (PPI) as a result of providing in vitro instead of in vivo preparation of bait proteins. The use of plural selection rounds and a two-step purification of the IVV selection, followed by in vitro post-selection, is advantageous for decreasing false positives. In a single experiment using bait Fos, more than 10 interactors, including not only direct, but also indirect interactions, were enriched. Further, previously unidentified proteins containing novel leucine zipper (L-ZIP) motifs with minimal binding sites identified by sequence alignment as functional elements were detected as a result of using a randomly primed cDNA library. Thus, we consider that this simple IVV selection system based on cell-free cotranslation could be applicable to high-throughput and comprehensive analysis of PPI and complexes in large-scale settings involving parallel bait proteins.
In vitro selection experiments using mRNA display methods such as IVV (Nemoto et al. 1997; or mRNApeptide fusions (Roberts and Szostak 1997; Hammond et al. 2001; Keefe and Szostak 2001) , which were originally developed for evolutionary protein engineering, are expected to be powerful tools for analyses of protein functions in the post-genomic era (Amstutz at al. 2001) . Although applications to both evolutionary engineering (Keefe and Szostak 2001) and genome analyses (Hammond et al. 2001) have been reported, current protocols are too technically demanding and tedious to use extensively or to automate for genome-wide experiments (Gold 2001) . The results of large-scale yeast proteome analysis using the two-hybrid method (Uetz et al. 2000; Ito et al. 2001 ) and TAP-mass spectrometry (TAP-MS) method (Rigaut et al. 1999; Gavin et al. 2002) have been reported. These data have been analyzed intensively, and indicated that existing large-scale protein interaction data sets are nonsaturating, and that integrating many different experimental data sets can yield a better overall view than a single method alone (Bader and Hogue 2002; Legrain et al. 2002) . Therefore, mRNA display should become a useful method, if it can be adapted for high-throughput in vitro analysis of proteinprotein interactions (PPI) and complexes.
Basically, mRNA display is composed of four essential processes, i.e., transcription, translation, selection, and RT-PCR. Although mRNA display itself is expected to be a high-throughput technique because of the use of a library, the current protocol (Roberts and Szostak 1997; Hammond et al. 2001; Keefe and Szostak 2001) of mRNA display is tedious and requires additional post-translational processes such as isolation of mRNA-protein fusions. A stable and efficient IVV should allow simple selection without any requirement for posttranslational processes. In addition, in vivo preparation of bait proteins (Hammond et al. 2001 ) is required for PPI analysis, and this would be disadvantageous for high-throughput, genomewide analysis with multiple bait proteins. Our newly developed cell-free cotranslation technique provides a totally in vitro manipulation that is suitable for high-throughput, genome-wide analysis as a result of in vitro bait translation instead of in vivo bait preparation (Fig. 1A) . Cotranslation of bait and prey proteins should also be advantageous for the formation of protein complexes (Fedorov and Baldwin 1997; Jemutus et al. 1998 ). This approach would offer a good chance to obtain a comprehensive data set including not only direct, but also indirect interactions in a single experiment.
A proportion of false positives arises in PPI analyses with methods such as the two-hybrid method (Legrain and Selig 2000; Legrain et al. 2001; Bader and Hogue 2002; Legrain 2002) . Decreasing false positives is important to obtain data that are, at least potentially, biologically relevant. Accordingly, we used twostep purification of the IVV selection (Fig. 1A ) based on the TAP method (Rigaut et al. 1999) , which is suitable for analysis of protein complexes formed by capture from a crude mixture with a tagged bait protein, with a low level of false positives (Rigaut et al. 1999) . To further decrease false positives and to obtain information about direct/indirect interactions, an in vitro postselection was performed. The post-selection is composed of a pull-down assay to confirm the interactions using C-terminal protein labeling (Nemoto et al. 1999; Miyamoto-Sato et al. 2000 Doi et al. 2002) and real-time polymerase chain reaction (PCR) assay to confirm the enrichments. The use of two-step purification of the IVV selection followed by post-selection should provide reliable data for PPI analysis.
Here, we present a simple and totally in vitro IVV selection method (Fig. 1A ) based on cotranslation of bait and prey proteins using tagged bait Fos from AP1 complex (Fos/Jun) (Chinenov and Kerppola 2001 ) and a prey mouse brain cDNA library. After IVV selection, we performed sequence analysis, and the sequence data were analyzed computationally to assign genes to rapidly generate a PPI map (Fig. 2 ). An in vitro post-selection was carried out to confirm positive interactions before PPI mapping and in silico analysis. We show that our IVV selection and post-selection system is capable of enriching not only direct, but also indirect interactions, based on in vitro experimental evidence. Further, we demonstrate the benefits of using a random primed cDNA library instead of a full-length cDNA library.
Results

A simple and completely in vitro selection
Our IVV selection procedure is composed of cell-free cotranslation and complex selection, followed by RT-PCR amplification (Fig. 1A) . We investigated whether or not the enrichment of the in vitro selection based on cell-free cotranslation using IVV with Fos as the bait is sufficiently informative (Fig. 1A) . Here, a two-step purification of the IVV selection was performed. After one round of the two-step purification of the IVV selection, RT-PCR indicated that Jun of AP1 complex (Fos/Jun) was enriched 1000-fold relative to cB1, a negative control (Fig. 1B,  2nd step) . In the selection from a mixture of jun and cB1 IVV templates (jun/ cB1 = 1/10 4 ; Fig. 1C , ini), Jun was enriched over 10 8 -fold relative to cB1 after three rounds of selection (Fig. 1C) . This suggests that the average enrichment might be approximately three orders of magnitude per round, which is sufficient for in vitro selection experiments (Roberts and Szostak 1997) . In fact, Jun of AP1 complex was clearly enriched after three rounds of selection in the selection from a mouse brain cDNA library (Table 1 , Experiment 1; Fig. 1D ). Further, Mdm2/p53 complex was enriched 100-fold relative to Mock (bait Mdm2 ‫)]מ[‬ from a human brain cDNA library after the 1st step of two-step purification of the IVV selection (Fig. 1E) , in good agreement with the result for the Fos/ Jun complex. Thus, this mRNA display using a previously developed highly stable and efficient IVV ) is expected to have good generality. This IVV selection did not require any post-translational process such as purification of fusions. Also, the IVV provided a completely in vitro selection without any in vivo step as a result of the use of the cell-free cotranslation technique. This simple and totally in vitro selection should be suitable for high-throughput analysis of PPI.
Optimized IVV selection with more interactors
We examined the effect of a difference in enrichment factor per round on the number of detectable interactions (Experiments 1 and 2). In Experiment 1, a two-step purification of the IVV selection was used in all three rounds (Fig. 1C) , while in Experiment 2, a one-step purification (just the first step of the two-step purification) was used until the 3rd round, followed by a twostep purification of the IVV selection at the last 4th round. Since Jun was enriched 100-fold after one-step selection (Fig. 1B) and enriched 1000-fold after two-step purification of the IVV selection (Fig. 1B,C) , Experiment 2 gave the same overall enrichment (10 9 -fold) as Experiment 1. However, we found that detected gene numbers in Experiment 2 are about twofold higher than those in Experiment 1 (Table 1) . One-step purification of the IVV selection imposes a lower selection pressure than two-step purification, and a lower selection pressure might yield more inter- (Table 1 , Experiment 2), detecting not only major, but also minor interacting proteins in a single experiment. The results suggest that the IVV selection using a two-step purification of the IVV selection for only the last round could detect more interactors (Table 1 , Experiment 2). This indicates that the protocol used in Experiment 2 decreased false negatives. In the two-hybrid method, the average number of interactors was three using the matrix approach (Legrain and Selig 2000) , while here we detected more than 10 interactors (Table 1, Experiment 2).
In vitro post-selection to identify positives and direct/indirect interactions
In order to decrease false positives, IVV post-selection was performed by both pull-down assay ( Fig. 3A ) and real-time PCR (Fig. 3B ). Real-time PCR can in principle detect all positive interactions, including multiple interactions, and is therefore useful to confirm protein complexes containing direct or indirect interactions in the IVV selection. We obtained the 12 genes in Table 1 as positives (77% of initial data) after in vitro postselection in Experiment 2. Most of the positives in Table 1 , such as Jun (Chinenov and Kerppola 2001) , Optn (Rezaie et al. 2002) , and C130020M04Rik, were confirmed by both pull-down assay and real-time PCR (a part of the data is shown in Fig. 3A ,B). Troarfips (hypothetical +1 frame-shifted Maged3 [Saburi et al. 2001] and Magphinin [Saburi et al. 2001] ) gave positive results in a pull-down assay, but could not be evaluated by real-time PCR because of difficulty in the primer design (Fig. 3A,B) . To verify the interaction of Troarfips, an immunoprecipitation experiment was therefore performed (Fig. 3C) . Accordingly, these 10 proteins, including Troarfips, were considered to be direct interactors (Table 1 , Interaction, D; 83%). On the other hand, Snapc5 (Henry et al. 1998 ) and Rit2 gave positive results in real-time PCR, but negative results in a pull-down assay (Fig. 3A,B) , and we designated them as ID interactors (interactions including indirect interactions; Table 1 , Interaction, ID; 17%). For Snapc5, a direct interaction with Jun was found in a further pull-down assay (Fig. 3D ). For Rit2, reproducible interaction in two independent experiments (Table 1 , Experiments 1 and 2) and positive results in real-time PCR in both cases (Table 1 , ⅙ ᭺) were obtained. These findings suggest that Snapc5 and Rit2 might be associated with Fos in an indirect fashion. In fact, Elf1, a member of the Ets family interacting directly with Jun and indirectly with Fos (Elf1/ Fos/Jun is a well-known complex [Chinenov and Kerppola 2001] ), was enriched in the course of selection and confirmed by real-time PCR (Fig. 4A ). This suggests that IVV selection based on cell-free cotranslation can enrich not only direct, but also indirect interactions in a single experiment. An analysis, including indirect interactions, represents a clear advance over the current mRNA display (Hammond et al. 2001 ) and two-hybrid systems.
A positive data set including novel interactions with novel L-ZIP motifs
After post-selection, we obtained 12 positives as a positive data set (Table 1) . Here, the number of positive data is dependent on the number of sequence analyses. In fact, analysis of 168 sequences in Experiment 2 afforded 12 positive genes (Table 1) , and analysis of 525 sequences in Experiment 2 provided over twofold more positive genes (data not shown). As shown in Table  1 , most of the positives had L-ZIP motifs (Chinenov and Kerppola 2001) . However, positives included not only known Fos interacting proteins, such as Jun (Chinenov and Kerppola 2001) , Jund1 (Chinenov and Kerppola 2001) , and Psmc5 (Wang et al. 1996) (yellow squares; 25%), but also unknown Fos interacting proteins (blue and white squares; 75%). These results suggest that we do not yet know all of the interactions of Fos, which is considered to be a well-characterized protein. The percentage of interaction-known proteins was around 25% in this experiment. This is consistent with a previous study (Uetz et al. 2000; Ito et al. 2001) , in which an analysis of two-hybrid interactions provided a huge number of novel interactions. Moreover, we detected function-unknown (novel and hypothetical) proteins (white square; 33%) including two hypothetical proteins with novel L-ZIP motifs (Fig. 4B) . These proteins are possible products of novel alternative reading frames (hypothetical +1 frame-shifted Maged3 [Saburi et al. 2001] and Magphinin [Saburi et al. 2001] ). We named them Troarfip1 (hypothetical Trophinin [Saburi et al. 2001 ] alternative reading frame [Kamijo et al. 1997 ] Fos interacting protein 1) and Troarfip2 (Table 1) . We found a hypothetical 191 amino acid protein frame for Troarfip1 in Maged3 (AF319977; 758-1333) and a hypothetical 184 amino acid protein frame for Troarfip2 in Magphinin (AF331848; 5129-5683). Surprisingly, Maged3 (Saburi et al. 2001) and Magphinin (Saburi et al. 2001 ) themselves have no L-ZIP motifs and no interactions with Fos in vitro (data not shown); however, both +1 frame-shift Troarfips (Troarfip1 and Troarfip2) have L-ZIP motifs (Table 1) and interact directly with Fos (Fig. 3A,C) . In addition, Troarfips have novel L-ZIP motifs, which we named super L-ZIP (Fig. 4B) . This motif has an interesting construction composed of two different phases of L-ZIP placed alternately (Fig. 4B) . The results suggest that a randomly primed cDNA library has the potential to allow the discovery of novel alternative reading frame proteins with novel functional motifs.
PPI mapping and function analysis
A PPI map (Fig. 5) for Experiment 2 (Table 1) was automatically prepared as a result of automatic sequence data analysis with IWAS (Fig. 2) , and included 12 positive D interaction (solid black Figure 2 . A flow chart of the IVV analysis system for the sequence data. The automatic sequence data analysis system provides a positive data set for PPI analysis (Fig. 5) as described in "Identification of positives for PPI mapping and in silico analysis" in the protocol section. The manual process (broken arrows) corresponds to post-selection, which consists of in vitro experiments after selection to identify independently final positives and further false positives using a real-time PCR assay (Fig. 3A) and a pull-down assay (Fig. 3B) . lines in Fig. 5 ; 83%) and ID interaction (dotted black lines in Fig. 5 ; 17%) proteins (Table 1) . ID interaction should include indirect interactors such as Elf1 (Fig. 4A) . The percentage of function-and Fos interaction-known genes in this experiment is just 25% (Table 1 , yellow squares). To identify the functions of the other 75%, an in silico analysis was performed by using LocusLink (Wheeler et al. 2004; Fig. 5) . We found that C130020M04Rik, a function-unknown gene, has annotations related to transcription-regulator activity (Fig. 5) . Therefore, it is reasonable that C130020M04Rik interacts with the transcription regulation factor Fos (Fig. 3A,B) . Actually, C130020M04Rik has sequence homology with the ATF family, which is closely related to the AP1 family. Thus, C130020M04Rik could be closely related to the transcription regulator AP1 family. An in silico analysis can give us a good guide to protein function if well-known proteins surround a function-unknown protein having useful annotations. The results suggest that an in silico analysis based on a PPI map could both support data credibility and be helpful in finding interesting and significant proteins using databases.
Discussion
One of the problems in biotechnological applications of cell-free translation is whether the proteins obtained can fold correctly and mutually interact. Cotranslational folding/association is an essential characteristic of prokaryotes and eukaryotes, even in cell-free translation systems (Fedorov and Baldwin 1997; Jemutus et al. 1998 ). Accordingly, cell-free cotranslation (coexpression), coupling translation and interaction of bait and prey proteins (Fig. 1A) , should favor the formation of protein complexes. The fact that a protein interaction analysis including both direct and indirect interactions was achieved (Fig. 4A, Elf1) , suggests that IVV selection based on cell-free cotranslation is an advance over both the current mRNA display (Hammond et al. 2001 ) and twohybrid systems. Also, an in vitro post-selection can define direct/ indirect interactions systematically. However, it is not always possible to confirm all components of protein complexes by realtime PCR and pull-down assay, because these assays sometimes fail to detect multiple complex partners.
In contrast to the TAP-MS method, the totally in vitro manipulation of IVV would not be biased by cytotoxic or secretionincompatible cDNA products. This is an advantage over in vivo methods. Also, IVV can detect proteins present in small amounts, because it analyzes genome sequences by using the amplification of mRNA tags instead of amino acid sequences. In this study, the use of a randomly primed cDNA library provided functional elements as minimal or common binding sequences (Table 1 , Common hit position) identified by sequence alignment and resulted in the identification of novel L-ZIP motifs (Fig. 4B) ; thus, in principle, it allows genome analysis annotated with precisely defined binding sites. This is an advantage over the analysis of amino acid sequences by the TAP-MS method.
Regarding false positives, we used plural selection rounds and a two-step purification of the IVV selection, followed by a post-selection using both real-time PCR and pull-down assays (Figs. 1A, and 3A ,B) to minimize in vitro technical or experimental nonspecific interactions (false positives). Indeed, the 12 genes in Table 1 identified as positives after post-selection appear to have been identified with high reliability (Fig. 3A-D) , since the validity of most of them is supported by additional evidence, such as plural sequences, L-Zips, common hit positions, and reproducible specific enrichment, confirmed by real-time PCR, in both Experiments 1 and 2 using different selection protocols (Table 1) . Thus, we consider that our totally in vitro selection using IVV is reliable for the identification of physicochemical interactions with low false positives. We believe that the aim of procedures such as IVV selection is to identify in vitro physicochemical interactions as thoroughly as possible. The biological relevance of the identified interactions must then be addressed using other methods. Nevertheless, because we do not have There remains the problem of false negatives buried in the library. False negatives could depend on the number of sequences determined, the initial number of genes in the library, and the interacting affinity. For example, Jun, Jund1, and Junb, which are all members of the Jun family, were all detected by real-time PCR (Fig. 4A) . Although Jun and Jund1 were also detected by sequence analysis, Junb was not detected, presumably because of insufficient enrichment. Nevertheless, we obtained more than 10 reliable interactors using bait Fos in a single IVV selection (Table  1 , Experiment 2), whereas the average number of interactors was only three in the two hybrid method (Legrain and Selig 2000) . This suggests that not only false positives, but also false negatives might be relatively lower in the IVV selection and post-selection system. However, further experiments will be needed to confirm this view. Recently, the intersection of two protein/peptide interaction data sets obtained with yeast two-hybrid and phage display strategies was utilized to extract more meaningful biological information on the binding partners (Legrain 2002) . We here propose to use puromycin technology in conjunction with IVV selection to identify complex interactions with low false positives and microarrays of Cterminally labeled proteins (Doi et al. 2002; Kawahashi et al. 2003) to identify direct interactions with low false negatives, thereby allowing the efficient extraction of physicochemical interactions and complexes.
To confirm the advantages of our method, detailed comparative studies with existing methods will be needed. It is clear that mRNA display using the IVV method would represent an advance over two-hybrid systems and the TAP method for detecting toxic proteins, due to the use of only in vitro manipulations. Further, although existing methods of mRNA display, such as two-hybrid systems, can extract binary interactions and define binding sequences, our mRNA display can detect not only binary interactions, but also protein complexes, due to the cotranslation and selection technique of the IVV method (Table 1; Figs. 1A, 3 , and 4A). Our method should therefore yield new insights into protein interaction networks as a result of detecting protein complexes, as well as defining binding sequences. Our results here demonstrate that the use of plural selection rounds and a twostep purification of the IVV selection (Fig. 1A) provides a reliable procedure for picking up physicochemical interactions with a low level of false positives due to in vitro technical or experimental nonspecific interactions (Table 1) . In principle, mRNA display can never avoid false negatives, because the large library size Table 1 using C-terminal labeled proteins were performed with (+) or without ‫)מ(‬ Jun as bait, followed by analysis on 15% SDS-PAGE. (Lanes 1-3 ) Translation product (input), supernatant, eluate (output), respectively.
(10 [12] [13] ) is beyond the feasible capacity for sequencing analysis; nevertheless, we think that false negatives in our method might be lower than in other methods, because the number of interactors identified per selection experiment seems to be substantially larger than in existing methods, although this naturally requires further confirmation.
In this work, mRNA display using IVV has been developed as a useful tool suitable for high-throughput PPI and complexes analysis (Figs. 1, 3 , and 4A) using simple and totally in vitro selection based on a cotranslation technique and a two-step purification. It is only necessary to put tagged bait and prey mRNA templates into a cell-free translation system, followed by selection (Fig. 1A) . After IVV selection, the relatively laborious steps of cloning and sequencing were performed using high-throughput automated laboratory instruments, and the mass sequence data obtained were analyzed computationally to assign genes using our IVV analysis system (Fig. 2) . We have focused on the Fos/Jun system for evaluation of our method. The analysis using a bait Fos revealed not only direct, but also indirect interactions (Figs. 3  and 4A ). Also, after in vitro post-selection, we obtained more than 10 interactors (Table 1 ) mediated by precisely defined binding sites, including novel L-ZIP motifs (Fig. 4B) , as a result of using a randomly primed cDNA library. Here, we used real-time PCR and pull-down assays to validate our method, but the results in Table 1 (a positive data set) suggest that positives could be simply defined as genes having plural sequences in one experiment or reproducible-specific enrichment in two or more experiments. It may be possible to use this definition to decrease false positives without in vitro assays in the future, to maximize throughput. It is noteworthy that in silico analyses of the PPI map (Fig. 5 ) using available databases not only supported the credibility of the data, but also revealed key proteins for further in vivo analyses. To support the generality of the IVV method, we also present data showing the enrichment of Mdm2/p53 complex from a human cDNA library in IVV selection (Fig. 1E) , in addition to the enrichment of the Fos/Jun complex from a mouse cDNA library in IVV selection (Fig. 1B-D) . While the Fos/Jun complex is composed of Fos/Jun heterodimer binding to an asymmetric AP1 site (Chinenov and Kerppola 2001) , Mdm2/p53 complex involves an enzyme-protein-like interaction, in which a relatively deep hydrophobic pocket of Mdm2 interacts with a helical region of p53 (Vassilev et al. 2004 ). The fact that we have confirmed the enrichment of completely different types of interactions using libraries from different species suggests that the IVV method is robust. Thus, we believe the IVV system is now ready for high-throughput analysis of PPI and complexes in large-scale settings with a number of parallel bait proteins.
Methods Preparation of cDNA library
Randomly primed reverse transcription (RT), followed by ligation-mediated amplification (Chechik et al. 1996) , was performed with a mouse brain poly(A)+ mRNA library (Clontech) or a human brain poly(A)+ mRNA library (Cosmo Bio) using a primer (TCATCGTCCTTGTAGTCAAGCTTNNNNNNNNN). The 5Ј phosphorylated dsDNA was obtained by using a SuperScriptII Double Strand cDNA Synthesis Kit (Invitrogen). Taking (Table 1) was depicted using Genesphere (Fujitsu). Fos is a bait protein (pink square). Proteins (genes) having colored squares correspond to Table 1 Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by genome.cshlp.org Downloaded from GTGGACAGCAAATGGCGAATTCC) to be ligated specifically to the 5Ј end of the sense cDNA strand, the adaptor-ligated cDNA library was amplified by PCR with 5ЈIVVlib (GGAAGATCTATT TAGGTGACACTATAGAACAACAACAACAACAAACAACAA CAAAATG) and 3ЈIVVlib (ttttttttcttgtcgtcatcgtccttgtagTCAAGC). Then, transcription of the cDNA library, followed by ligation with PEG Puro spacer , was performed (Fig. 1A, I ).
Preparation of bait RNA template
The DNA template of fos as a bait was prepared by PCR through 15 cycles (98°C, 20 sec; 55°C, 1 min; 72°C, 4 min) after 95°C, 1 min with 5ЈFosCBPzz having a delta-TMV sequence (Sleat et al. 1988 ) (gaatttaggtgacactatagaaACAATTACTATTTACAATTACA atggctagcatgactggtggacag) and 3ЈFosCBPzz (GGATCTCCATTC GCCATTCA) from pCMV-FosCBPzz , including a part of Fos (118-211), calmodulin-binding protein (CBP), and protein A (z domain), according to the TAP method 10 . Then, mRNA templates of fos as bait were prepared according to the previously reported method (Fig.  1A, I ). The DNA template of mdm2 (1-188) as a bait was prepared by cloning from a human brain poly(A)+ mRNA library (Cosmo Bio). The 1st PCR (one cycle of 94°C 2 min; 15 cycles of 94°C 30 sec, 62°C 30 sec, 73°C 2 min; 1 cycle of 73°C 15 min) was done with human_5ЈT7+mdm2 (atggctagcatgactggtggacagcaaatgggtcg cggatccATgTgCAATACCAACATgTCTgTAC) and human_3Јmdm2-564 (actatcagatttgtggcgttttctttgtcgttcacc), and the second PCR (same program as for the first PCR) was done with human_5Ј mdm2+CBP (ggtgaacgacaaagaaaacgccacaaatctgatagtctcgagctcaa gagaagatggaaaaagaatttcatag) and 3ЈFosCBPzz from pCMVFosCBPzz. Overlap PCR, using the same program, was done with human_5ЈT7+mdm2 and 3ЈFosCBPzz, and the final PCR, also with the same program, was done with 5ЈSP6(OЈ)T7 (GAATTTAG GTGACACTATAGAAacaattactatttacaattacaATGGCTAGCAT GACTGGTGGACag) and 3ЈFosCBPzz.
Cell-free cotranslation and two-step purification of the IVV selection Cell-free cotranslation (Fig.1A, II) was done by using a Wheat Germ Extract (Promega) at 26°C for 1 h with 200 nM mouse or human brain IVV mRNA library as prey and 400 nM fos or mdm2 mRNA as bait in the presence or absence of 400 nM DNA (five repeats of TGACTCA sequence binding to AP1 complex of Jun/ Fos) (Chinenov and Kerppola 2001) . Two-step or one-step purification (Fig.1A, III) precisely according to the TAP method (Rigaut et al. 1999 ) was performed as one round of IVV selection with unpurified cell-free cotranslation products, including protein complexes, captured by the tagged bait Fos. RT-PCR (Fig.1B,  IV) was carried with the one-step RT-PCR kit (QIAGEN) with 5ЈIVVlib and 3ЈIVVlib to amplify the library. RT-PCR products were purified with CHROMA SPIN-1000 Columns (Clontech) and cloned with a PCR Cloning Kit (QIAGEN). Then, colony PCR was performed with Qpix (GENETIX) and a GenePCR System 2700 (Applied Biosystems) with vector-specific primers (M13R: gAAACAgCTATgACCATgATTACg and M13F: gTTTTCCCAgT CACgACgTTg). The purification of colony PCR products was done with a BioRobot 8000 (QIAGEN), and the products were sequenced with an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems).
Identification of positives for PPI mapping and in silico analysis
Since sequence data analysis is the most time-consuming process in IVV selection, we used automatic sequence data analysis with the IVV analysis system (IWAS) developed by Fujitsu Ltd., which is capable of dealing with 100 sequences/hour (Fig. 2) . Each cDNA region is extracted by omitting vector sequences and IVV common sequences (SP6+⍀29 and T7-tag as a 5Ј common sequence 2 and Flag-tag and A 8 tail as a 3Ј common sequence [Miyamaoto-Sato et al. 2003] ). Next, the cDNA region is analyzed using gene databases such as nt, refseq, nBLAST, and Fantom2 to obtain a gene catalog of the IVV database. To decrease false positives (Fig.  2) , analyzed genes are compared with the genes of the mock database, followed by protein frame confirmation. The mock database was generated by IVV selection experiments without a bait protein.
Further false positives (Fig. 2) were removed manually from positive candidates with a post-selection consisting of in vitro real-time PCR and pull-down assays. Then, a positive data set of a gene catalog (Table 1) is obtained, which is subjected to PPI mapping and in silico function analyses with LocusLink (Wheeler et al. 2004 ; Fig. 5 ) using Genesphere, used to call Xminer (Fujitsu). Genesphere (Fujitsu) is software that searches for connected and related genes and proteins from a comprehensive data set using LocusLink, UniGene, OMIM, and PubMed.
Pull-down and real-time PCR assays as a post-selection Post-selection of real-time PCR products and pull-down assay using C-terminal protein labeling (Miyamoto-Sato et al. 2000; Doi et al. 2002) were performed completely in vitro to identify further false positives (Fig. 2) . In vitro expression of all positive candidates was confirmed by C-terminal protein labeling in Wheat Germ Extract (Promega) at 26°C for 1 h using efficient mRNA templates with XA 8 as the 3Ј tail instead of A 8 according to our previous report . Pull-down assay (Doi et al. 2002) using the 1st step of the TAP method was performed with unlabeled Fos or Jun as bait protein and Cterminally labeled proteins analyzed as positives in Experiment 2 (Table 1) as prey. Preparation of fos as bait is described in 'Preparation of bait RNA template.' The DNA template of jun as a bait for pull-down assay was prepared in a similar fashion by PCR with 5ЈFosCBPzz and 3ЈFosCBPzz from pCMV-JunCBPzz, including a part of Jun (168-319) , calmodulin-binding protein (CBP), and protein A (z domain), according to the TAP method (Rigaut et al. 1999) . After cell-free translation of C-terminally labeled prey proteins (Fig. 3A,D , lane 1), C-terminally labeled prey proteins in the supernatant fraction (Fig. 3A,D , lane 2) and in the eluate fraction (Fig. 3A,D, lane 3) were obtained by pull-down assay. Analysis was done by 15% SDS-PAGE. Real-time PCR (LightCycler Quick System 330; Roche) was performed to confirm enrichment according to the product protocol with the following synthetic specific primers for Jun (Jun_F: ATCGCTCGGCTAGAGGAAA, Jun_R: CTTAAGCTGTGC CACCTGTT), Jund1 (Jund1_F: GCAAGCTGGAGCGTATCT, Jund1_R: TGACGTGGCTGAGGACTT), Optn (Optn_F: TGGG CATCGTCTCAGAAC, Optn_R: TGTGGGTGTAGGGCAGTT), Snapc5 (Snapc5_F: AAACCCTGCTGCGTCTA, Snapc5_R: ATCA TGGATTGAAGGGCTA), C130020M04Rik (C130020M04RIK_F: GGTGTCCTCCCTGGAAA, C130020M04RIK_R: TGGGCAA TCTTTATGAGCTA), Rit2 (Rit2_F: GATGATGCTTTTCAAGGCTT, Rit2_R: GGCTTTTATCTTCTTCCACA), Junb (ATCAAAGTG GAGCGAAAG, CATGACCTTCTGCTTGAG), Elf1 (Elf1_F: TGTC TAGATTGTGGGGGA, Elf1_R: GCTGACCTTCCACTTTTG), and ␤-actin (␤-actin_F: CTTCTACAATGAGCTGCGTG,␤-Actin_R: TACGACCAGAGGCATACAGG).
Antibody preparation and coimmunoprecipitation
Rabbit polyclonal antibody against Troarfips (Troarfip1 and Troarfip2) was from Immuno-Biological Laboratories (IBL) Co.,
